ABSTRACT Underwater wireless optical communications are an emerging solution to the expanding demand for broadband links in oceans and seas. In this paper, a cellular underwater wireless optical code division multiple-access network is proposed to provide broadband links for commercial and military applications. The optical orthogonal codes are employed as signature codes of underwater mobile users. Fundamental key aspects of the network, such as its backhaul architecture, its potential applications, and its design challenges, are presented. In particular, a promising underwater localization and positioning scheme based on this cellular network is presented. Furthermore, the proposed network is used as infrastructure of centralized, decentralized and relay-assisted underwater sensor networks for high-speed real-time monitoring. Finally, probable design challenges, such as cell edge coverage, blockage avoidance, power control, and network capacity, are addressed.
fading-free impulse response of general multiple-input multiple-output (MIMO) UWOC links with arbitrary numbers of transmitters and receivers [7] . Furthermore, Zhang et al. proposed a general stochastic channel model to represent the spatial-temporal probability distribution of propagated photons for all three types of components including nonscattering, single and multiple scattering [8] .
Random variation of water refractive index, mainly due to the random fluctuation of water salinity and temperature, is one of the other serious effects of UWOC channels. This phenomenon, which is known as optical turbulence, causes fluctuations on the propagating optical signal. Recently, many valuable works have been reported in the literature that focus on characterizing turbulence-induced fading of UWOC channels. In [9] , a precise power spectrum has been derived for fluctuations of turbulent water refractive index. Then, this power spectrum has been employed in [10] and [11] to evaluate the scintillation index of optical plane and spherical waves using Rytov method. And in [12] , the on-axis scintillation index of a focused Gaussian beam has been formulated in weak oceanic turbulence and by considering a lognormal distribution for intensity fluctuations, the average BER is evaluated. Furthermore, Tang et al. [13] have shown that temporal correlation of irradiance may be introduced by a moving medium and they investigated temporal statistics of irradiance in moving ocean with weak turbulence. Also, the authors in [14] have experimentally shown that air bubbles can cause severe fluctuations on the propagating optical beam and they investigated the validity of different statistical distributions in predicting the intensity fluctuation in a wide range of scintillation index, including weak to strong fading regimes. They also experimentally measured the channel coherence time, i.e., the time period in which the channel fading coefficient remains approximately constant, and verified the assumption of slow fading for intensity fluctuations in UWOC channels with the presence of air bubbles.
Owing to this relatively mature literature and possessing these comprehensive channel studies, in past few years a variety of interesting results have been reported in the literature focusing on system design and intelligent transmission methods for UWOC. Based on the back-reflection of the propagating optical signal at the ocean-air interface, a novel non-line-of-sight UWOC system has been proposed in [15] . In [16] , a hybrid optical/acoustic communication system has been developed. In [17] and [18] the authors, in addition to a detailed performance analysis for UWOC systems, have proposed MIMO transmission to mitigate turbulence-induced fading and hence to improve the system performance and extend the attainable communication range. The beneficial application of error correction codes in improving the reliability and robustness of UWOC systems is also experimented in [19] . And advantages of multi-hop transmission, through serial relaying with bit detect-and-forward (BDF) strategy, is examined in [20] and it is observed that multi-hop transmission can significantly improve the system performance by alleviating all the impairing effects of the channel. Despite all the above mentioned valuable research activities which have been carried out to design and analyze point-to-point underwater optical communication links, lack of a promising multi-access optical underwater network is obvious in the literature. This research is inspired by the need to design an underwater wireless optical network with multiple-access capability to extend the boundaries and make possible the communication among various fixed and mobile users in a relatively large underwater area. This network can be exploited in a variety of applications such as imaging, real-time video transmission, high throughput sensor networks, and also can potentially provide reliable communication links for unmanned underwater vehicles (UUVs), submarines, ships, buoys, and in particular divers.
Among many multiple-access schemes, optical code division multiple access (OCDMA) is receiving much attention as a promising access technique to share common resources among asynchronous users without any central controller, which is highly desirable in underwater environment. Amongst the first generation of OCDMAbased systems, using optical orthogonal codes (OOC) in fiber-optic communications was introduced by Salehi in 1989 [21] [22] [23] [24] , while the capability of this scheme to free space optics (FSO), infrared indoor networks, and visible light communication (VLC) have been studied in [25] [26] [27] , respectively. Recently, in [28] we proposed a cellular topology, based on OCDMA technique, for UWOC network. Then in [29] , we have comprehensively analyzed the performance of mobile users in such an underwater wireless OCDMA (UW-OCDMA) network and we also investigated the beneficial application of serial relaying on improving the performance of up-and downlink transmission.
In this paper, we elaborate possible challenges and potential applications of cellular UW-OCDMA network based on OOCs. In a typical UW-OCDMA network, mobile and fixed users communicate to an optical base transceiver station (OBTS). Each active user transmits its data using a unique OOC code. This paper describes the UW-OCDMA network architecture and discusses its potential applications in underwater localization and local sensor networks. Furthermore, possible challenges regarding blockage avoidance, cell edge coverage, power control algorithms, and increasing the number of active users are discussed.
The rest of this paper is organized as follows. In Section II, we first introduce our system model for cellular UW-OCDMA network. Then, we briefly review the UWOC channel disturbing effects and discuss how we have modeled these effects in our system. Afterward, we describe our proposed backhaul architecture. In Section III, potential applications of the proposed cellular UW-OCDMA network are highlighted. In this section, we first focus on underwater localization as one of the promising applications of the introduced infrastructure and we discuss several positioning schemes. Then, we pay attention to underwater optical sensor network as one of the most important applications of the proposed infrastructure. We discuss both the centralized and VOLUME 4, 2016 FIGURE 1. The concept and geometry of the proposed cellular UW-OCDMA network with divers, submarines, and UUVs as mobile users.
distributed underwater optical sensor networks. We also propose relay-assisted transmission for improving the performance of the centralized sensor network and provide the bit error rate (BER) formulas for the up-and downlink transmissions. In Section IV, we enumerate the possible design challenges in cellular UW-OCDMA networks, including blockage avoidance, cell-edge coverage, power control, and expanding the number of supported users; and for each challenge we suggest possible solutions. Finally, we conclude the paper in Section V.
II. CELLULAR UW-OCDMA NETWORK ARCHITECTURE
The general concept and geometry of the cellular UW-OCDMA network is illustrated in Fig. 1 , in which a set of omnidirectional OBTSs are placed in the center of a hexagonal cell to cover a larger underwater area; and there are a number of user transceivers, each having a pair of optical unidirectional transmitter and omnidirectional receiver. All OBTSs are interconnected together via fiber optic network which can be linked to an optical network controller (ONC). As such, we can expand the limited underwater optical communication range to a relatively much larger area.
A. SYSTEM MODEL DESCRIPTION
The shape of the designed OBTS resembles a soccer ball which is created from twelve regular pentagonal and twenty regular hexagonal panels positioned in a spherical geometry. We place 60 LEDs on the junctions of this shape and 32 photodetectors on the center of its pentagonal and hexagonal panels. Therefore, the OBTS acts as an omnidirectional transceiver. In regards to the density of active underwater users and their required data rate an appropriate set of OOC signatures is generated and each code is assigned to each user. Using its unique signature code, each user spreads or encodes its data at the transmitter. On-off keying (OOK) signaling is exploited to modulate users' data using intensity modulation (IM) technique.
In uplink direction, nearby OBTS receives and photodetects active underwater users' signals. Based on the network topology, the received signal will be either despread by OOC codes at the OBTS, or again converted back to an optical signal by applying an electro-optic Mach-Zehnder modulator; and then the optical signal will be transmitted to the ONC via fiber optic network. In other words, an OBTS can play the role of either a dummy received and forward (as shown in Fig. 2 ) or an intelligent decode and forward relay [28] . A location database should be designed at the ONC to register the location of mobile users (MUs) and decide to which OBTS data must be forwarded. Backhaul architecture of the network will be discussed in more detail in subsection II-D.
An OOC is a sequence of ''0 and ''1 , which is characterized by (F, W , ρ) where F is the code length, W is the code weight which determines the total number of ones in each codeword, and ρ is the maximum value of shifted autocorrelation and crosscorrelation [21] . The maximum number of OOC signatures (N c ) is limited by the well-known Johnson upper bound [21] which restricts the total number of active MUs.
In a typical OOC-based OCDMA system with OOK modulation, binary ''1'' is transmitted by a signal with a total of F chips from which W chips are on or pulsed. The positions of on chips are marked with the corresponding OOC signature code pattern and the other, F − W , chips remain off. However, binary ''0'' is transmitted by setting all F chips to be off.
B. CHANNEL MODEL DESCRIPTION
In regards to the impairing effects of underwater channel on the proposed UW-OCDMA network, three major phenomena namely absorption, scattering and turbulence need to be considered. Absorption is due to photon energy loss as a result of interaction with water molecules or other particulates via a thermal process while scattering is deviation of photons from their original path as a result of encountering photons with particulates. Loss in energy caused by absorption and scattering can be characterized by absorption coefficient a(λ) and scattering coefficient b(λ), respectively, with λ denoting the optical wavelength. According to the Beer's law, nonscattered optical beam experiences an exponential extinction with cumulative coefficient c (λ) = a(λ) + b(λ). Optical turbulence, on the other hand, occurs due to the random variations of refractive index. These random variations in underwater medium mainly result from fluctuations in temperature and salinity and will cause fading on the received optical signal [10] .
It is popular in the literature to model the absorption and scattering effects based on Monte Carlo (MC) simulation. This approach results in a fading-free impulse response h 0 (t). For instance in [6] , Tang et al. presented a closed-form expression of double Gamma functions to model the channel impulse response in the presence of absorption and scattering effects for coastal and harbor water environments where attenuation length τ = c(λ)L has relatively large values, in which L denotes the link range. The closed-form expression of the double Gamma function is;
where t = t − t 0 , t is the time scale and t 0 = L/v is the propagation time which is the ratio of link range L over light speed v in water. The parameter set (C 1 , C 2 , C 3 , C 4 ) in above equation can be computed from Monte Carlo simulation results using nonlinear least square criterion as;
where h 0 (t) is the double Gamma functions model in equation (2), h mc (t) is the Monte Carlo simulation results of impulse response, and argmin(.) is the operator to return the argument of the minimum [6] .
To characterize turbulence effects, the authors in [29] have considered a positive multiplicative fading coefficient. In weak oceanic turbulence scenario, the fading coefficient can be modeled with log-normal distribution as;
where µ x and σ 2 x are, respectively, the mean and variance of the Gaussian distributed log-amplitude factor x = 1 2 ln(h). To ensure that the fading coefficient conserves the energy, we normalize fading amplitude such that E[h] = 1, which implies µ x = −σ 2 x . It can be shown that variance of logamplitude factor σ 2 x is related to the scintillation index of propagating signal σ 2 I as σ 2 x = 1 4 ln(σ 2 I + 1) [29] . Therefore, having scintillation index, σ 2 x can be obtained for weak oceanic turbulence. As a result the overall channel impulse response can be modeled as h(t) =hh 0 (t).
It has been shown in [3] that absorption and scattering have the lowest effect at the wavelength interval 400 nm < λ < 530 nm which span on the blue/green region of the visible light spectrum. In our proposed architecture, in order to reduce backscattered light of the OBTS's optical transmitters on its receivers we have chosen green LEDs with central wavelength of 532 nm for OBTS, blue LEDs with central wavelength of 450 nm for users, and appropriate optical filters to pass only the desirable range of wavelengths.
In the literature, the attenuation length is defined as τ = c(λ)z in which z denotes the physical link distance. Based on Monte Carlo simulation result in [6] for small values of the attenuation length τ , i.e., τ < 15, and system bandwidth below 20MHz, channel can be considered as non-dispersive. In such conditions, the proposed cellular UW-OCDMA network can work without any need for channel equalizer. However, for higher data rates and larger cell size an equalizer needs to be designed to remove intersymbol-interference (ISI) caused by underwater channel dispersion.
C. UNDERWATER NOISE SOURCES
Underwater optical communication is disturbed by many noise sources such as sunlight and bioluminescence background noise, thermal or Johnson noise and dark current noise.
In [30] , it is proposed that background noise caused by bioluminescence and Cherenkov radiation is low enough that it does not interfere with the signal. In the rest of paper, n bg and i dc denote the solar background noise and dark current noise, respectively. The solar background noise power is [31] .
where E is downwelling irradiance (watts/m 2 ), R is underwater reflectance of the downwelling irradiance, L fac describes the ratio of radiance observed at a specific viewing angle as compared to looking straight down (viewing angle 180 • ), K is the diffuse attenuation coefficient, and h is depth. A r and FOV are receiver aperture area and half angle field of view, respectively. Also, λ denotes photo detector optical bandwidth. For example in a wavelength 532 nm, E = 1440 watts/m 2 , R = 1.25%, and L fac = 2.9 in the horizontal direction [31] .
D. PROPOSED BACKHAUL ARCHITECTURE
In this subsection, the proposed backhaul architecture for underwater cellular network is discussed. Generally, two approaches are considered to interconnect OBTSs, namely centralized and decentralized. In centralized backhaul architecture, all OBTSs are connected to a central ONC, which is responsible to perform traffic forwarding among OBTSs. In Fig. 3(a) , topology of the proposed architecture is illustrated. In ONC database, the serving OBTS of each MU is recorded, thereby ONC interconnects MUs located in different OBTSs, as shown in Fig. 3 (b). The ONC's database is updated based on the OBTS feedbacks after any changes in their MU association table (MU-AT). MU-AT contains the list of all MUs served by an OBTS and is updated after registration/elimination of MUs. In Fig. 3 (c), the architecture of decentralized backhaul architecture is depicted. We note that in the decentralized backhaul architecture, each OBTS has an interface executing routing and traffic forwarding functionalities among OBTSs. Furthermore, a signaling protocol is used to distribute MU-ATs over the backhaul network. Each OBTS notifies its updated MU-AT to other OBTSs by broadcasting its MU-AT via a signaling packet. The header of the signaling packet contains packet type, source ID, and packet number, as depicted in Fig. 3(d) . This packet is flooded in the network, i.e., each intermediate node broadcasts the received signaling packets to all its ports, thereby all OBTSs obtain the location information of MUs. It is worth noting that intermediate nodes record the packet number of signaling packets in order to prevent broadcasting a signaling packet two times and further to avoid unstable packet flooding.
In decentralized architecture, in addition to database of MUs location, a routing table (RT) is necessary to send traffic between OBTSs. Each node discovers its neighbors by sending Hello packets, whereby neighbors respond the Hello packets by sending their OBTS ID. Then, information of neighbor OBTSs are recorded in neighboring table (NT). In order to discover the whole network topology each node broadcasts its NT periodically. By considering backhaul topology, each OBTS uses Dijkstra shortest path algorithm to compute its routing paths toward all other OBTSs, thereby its RT is completed by determining the output port number for each destination node. Figure 3 (e) illustrates different databases of OBTS 2 in the decentralized architecture shown in Fig. 3(c) . It should be noted that in the RT database, a packet destined toward OBTS 3 (OBTS 6 ) can be steered through port 1 or 2 (port 1, 2, or 3). This is because by using Dijkstra shortest path algorithm we obtain two paths (three paths) with the same length from OBTS 2 to OBTS 3 (OBTS 6 ). Thus, this would lead to improve the reliability of the backhaul architecture against fiber cut by replacing failed port with its alternative.
III. POTENTIAL APPLICATIONS
Besides the main purpose of the cellular UW-OCDMA network, which is providing a reliable and flexible communication link for underwater mobile users in a relatively large area, there are yet many other potential applications which can exploit this infrastructure by adding minor complexity to the network. In the following subsections, two major secondary applications of the network are discussed.
A. UNDERWATER LOCALIZATION
Global positioning system (GPS) receivers are widely used in terrestrial area to determine the location of a mobile user. However, this is not possible in underwater medium since GPS signals do not propagate through water. The conventional alternative to GPS for underwater positioning is acoustic based localization. However, these systems are highly vulnerable to acoustic noise from vessels, operations and sea life. Acoustic systems are also affected by multipath fading or echo, reflected from solid objects and sea surface. In order to overcome these issues, the infrastructure of the proposed cellular UW-OCDMA network can be used as a promising underwater positioning system; since the OBTSs are placed at pre-determined locations, they can serve as anchor (reference) nodes. According to the range-based localization method, the underwater MU needs to, first, estimate its distances from each OBTS in its communication range. And then estimate its position, using methodologies based on the intersection of various circles centered at each OBTS with radii corresponding to the distance measurements. Several techniques such as received signal strength (RSS), angle of arrival (AOA), time of arrival (TOA) and time difference of arrival (TDOA) are presented and investigated in terrestrial networks to estimate the MU's distance from the reference nodes [32] . In the following, we discuss RSS and TDOA as two promising schemes in our UW-OCDMA network and will elaborate RSS technique in more details.
In TDOA technique, the MU's position is estimated based on the difference between TOAs from several OBTSs. Once the MU detects a signal from an OBTS, it waits for another signal from a different OBTS (with different ID) and measures the difference between these two TOAs. As shown in Fig. 4(a) , the locations of the points with a constant time difference (constant distance difference) are hyperbolic lines with two OBTSs as the focal points. The differences in receiving time of signals from three nodes result into two independent hyperbolas that their cross point is the location of the MU. Note that this technique requires precise synchronization between all OBTSs and a high resolution clock to measure the time difference.
According to the RSS scheme, the distance is estimated based on the attenuation introduced by the propagation of the signal from OBTSs to MU. As shown in Fig. 4(b) , the underwater MU compares the received signals from at least three OBTSs to identify its location. Each level indicates a circle around the corresponding reference node and the cross section of three of such circles specifies the location of the user. Since almost all receivers can estimate the level of received signal, RSS does not need extra devices or modules, which makes it a low cost method. However, a precise channel model is required for an accurate distance estimation using the relation between distance and attenuation behavior. Also, in order to eliminate random nature of the received signal due to the optical channel turbulence, we can average the received signal over a period of time larger than the channel coherence time.
In the following, the expressions to estimate the first user's position based on RSS scheme are driven. The integrated current at the first user's receiver y (i,1) is considered as a measure of signal strength;
where R = ηq/hf is the photodetector's responsivity. P t,avg and T s denote average power and time duration of the localization signal transmitted by OBTS, respectively.h (i,1) and L(d (i,1) ) represent log-normal fading coefficient and the aggregated channel loss (due to absorption and scattering effects) associate with the channel between the ith OBTS and the first user, respectively. v 1 is a zero mean Gaussian random variable corresponding to the integrated com- bined noise components over T s seconds at the first user's receiver. The above expression shows the integrated current at first user's receiver result from ith OBTS localization signal as a function of distance between user and OBTS, d (i,1) . However, in RSS method, we need to obtain user's distance in terms of the received signal strength. Having known some pairs of (y (i,1) , d (i,1) ) from Monte Carlo simulation or experimentally measurements, a polynomial function can be fitted to obtain an estimate of d (i,1) in terms of a given y (i,1) as follows;
in which coefficients (b 0 , b 1 , . . . , b M ) can be found using minimum mean square error (MMSE) method. Therefore, based on the estimated user's distances from neighboring OBTSs
, we need to approximate the user's position (x u , y u ) in a two dimensional coordinate. For the sake of simplicity, it is assumed that the first OBTS has been located at the origin of the coordinate, i.e., (0, 0), and the rest of OBTSs are considered to be located at (x i , y i ). Note that we can always move the origin of the coordinator to the first OBTS position to satisfy this assumption. Therefore, the actual distance of the first user from OBTSs will be;
By subtracting d (1, 1) from d (i,1) , we have;
Then, defining r 2 i = x 2 i + y 2 i , the above expression can be written in a matrix form as Cx = D, where;
Therefore, substituting d (i,1) withd (i,1) , the linear-leastsquare (LLS) solution for the estimated position of the first user can be written as;
From this matrix form, it is implied that in order to estimate the user's position, we need to know the distance of the user from at least three neighboring OBTSs. However, the contribution of more OBTSs will result in less estimation error. on the received signal of these OBTSs. Then, user applies the linear least square estimation in (13) to approximate its position. Note that in Fig. 5 , the deviation from the actual position of the user is result from the random nature of the turbulenceinduced fading due to fluctuation of water refraction index. In both figures 5(a) and 5(b), the mean square error (MSE) of estimated position increases with increasing fading variance. However, in Fig. 5(b) we need to decrease the cell radius in order to have limited MSE in coastal ocean water where we have more scattering and absorption.
B. UNDERWATER OPTICAL SENSOR NETWORK
Underwater sensor networks will find critical roles in investigating climate change, disaster prevention (e.g., tsunami), in monitoring biological, biogeochemical, evolutionary and ecological changes in the sea, ocean and lake environments, in pollution monitoring, and in helping to control and maintain oil production facilities. Underwater observation can be carried out with either sensors mounted on the sea floor or UUVs equipped with sensors as shown in Fig. 4 (c).
1) CENTRALIZED UNDERWATER OPTICAL SENSOR NETWORKS
In the centralized sensor network based on UW-OCDMA, each sensor employs its assigned OOC to encode and transmit its measured data to the nearby OBTS which may be located relatively far away from them. Communicating directly with the OBTS is practically impossible for these little batterypowered sensors. To overcome this issue, we can insert one or more relays in a serial configuration to collect sensors' data from a shorter distance. In other words, serial relaying is an attractive candidate for broadening communication coverage for limited-power transmitters. Furthermore, since degrading effects of absorption, scattering and turbulence rapidly increase with the communication distance, serial relaying or multi-hop transmission can be employed to considerably mitigate the channel impairments. Although different schemes such as decode-and-forward (DF) can be applied, to simplify relays structure, chip detect-and-forward (CDF) algorithm, which is a promising technique in OOC-based OCDMA systems, can be adopted in relay nodes. In this scheme, the relay node first decides on the presence or absence of each chip; and then forwards the detected chip to the OBTS for further analysis [33] . Note that the first relay R 1 , has relatively wide field of view (FOV) to receive optical signals from all sensors; therefore, CDF process in this node is affected by multiple access interference (MAI). However, exploiting chip level detector with hard limiter can substantially reduce this interference [34] . In order to analyze the end-to-end BER of relay-assisted UW-OCDMA network, we assume that the transmitted bit is ''1'' if all detected chips are ''ON'' and otherwise we recognize ''0'' as the transmitted data bit [34] . Furthermore, we assume that ISI has a negligible effect on the system performance [29] . In this case, conditional error probabilities when bits ''0'' and ''1'' are sent can respectively be characterized as follows;
in whichH is the fading coefficients vector and α = (α 1 , α 2 , . . . , α W ) is the interference pattern occurred on the pulsed mark chips of the first user's OOC, where α q is the number of interferences on the qth pulsed mark chip of the desired user's OOC. Besides, l is the total number ce−e2e (0|1, l, α,H ) are conditional end-to-end chip error rates on the qth transmitted chip of the desired user for ''OFF'' and ''ON'' states, and can respectively be calculated as follows [29] ;
whereh (i) is the ith hop fading coefficient and N is the number of intermediate relays. Based on Eqs. (14) and (15) 
Since chip detection process during uplink transmission to the first relay is affected by MAI, CER analysis for the uplink transmission to the first relay differs from the other hops CER analysis. Assuming the negligibility of signal-dependent shot noise and considering all users with the same chip power of P c and all additive noise components, i.e., background light, dark current and thermal noise with Gaussian distribution [18] , [35] , the integrated current of the first relay's receiver during uplink transmission can be expressed as follows;
in which T c is the chip duration time and R = ηq/hf is the photodetector's responsivity, where η, q, h, and f are the photodetector's quantum efficiency, electron's charge, Planck's constant and the optical frequency, respectively. h
1,1 and L
1,1 are the fading coefficient and the aggregated channel loss (due to absorption and scattering effects) of the first hop from the desired user to the first relay, respectively; and u = (1, 1, . . . , 1) is a W -dimensional all-one
is a vector with length W where its
q is the weighted sum of α q independent lognormal RVs, corresponding to the sum of interfering users' fading coefficients, i.e., β
n1 in which h (1) n1 and L (1) n,1 are respectively the fading coefficient and the aggregated channel loss of the first hop from the nth user to the first relay, and q specifies the set of α q interfering users on the qth chip. Additionally,
is a vector with W uncorrelated Gaussian distributed elements each with mean zero and variance σ 2 T c corresponding to the integrated combined noise components over T c seconds [18] .
Assuming the availability of perfect channel state information (CSI), 1 the receiver adopts its threshold value as T = RP c T ch
1,1 /2 for chip detection process. Therefore, the first hop's CER during uplink transmission can be obtained as follows;
11 , β
where
For the other hops, either during uplink or downlink transmission, MAI does not affect the chip detection process. Moreover, MAI of the synchronous downlink transmission can be eliminated when the number of concurrent users satisfy the condition M < F W 2 + 1 [26] . Therefore, CERs of the remaining hops of uplink transmission as well as all hops of downlink transmission can similar to Eqs. (17) and (18) be obtained as follows;
in which L (i) is the ith hop aggregated channel loss. Finally, (17)- (19) can be applied to (15) to obtain the endto-end conditional CERs and the result can then be applied to (14) to achieve both the up-and downlink end-to-end conditional BERs of relay-assisted UW-OCDMA network. Moreover, the final BER can similar to [29] be obtained by averaging over fading coefficients and interfering patterns. Figure 6 shows the the end-to-end BER of relay-assisted UW-OCDMA network for both up-and downlink transmissions. As it can be seen, MAI limits the uplink transmission BER to a predetermined bound while the absence of MAI allows the downlink BER to monotonically decrease with increases on the transmitted power. Moreover, beneficial application of multi-hop transmission is obvious from theses figures; as the number of intermediate relays increases the end-to-end system performance considerably improves.
2) DISTRIBUTED UNDERWATER OPTICAL SENSOR NETWORKS
Distributed sensor network is a collection of mobile and fixed sensors each of which has sensing, receiving, transmitting and computing capabilities. Such networks are capable of self-deployment; i.e., starting from some compact initial configuration, the nodes in the network can spread out such that the area covered by the network is maximized. In this scheme, the OOC-encoded data produced by a source sensor is relayed with intermediate sensors until it reaches the OBTS. Deployment of these sensors in our UW-OCDMA network eliminates the need for intermediate relay nodes, but increases the complexity of the sensors' structure.
The cellular UW-OCDMA network can also be designed to be compatible with developed underwater acoustic sensor networks. Underwater acoustic communication suffers from inherently limited bandwidth, severe multi-path fading, and considerable propagation delay. However, acoustic wave propagates tens of kilometers in underwater medium. Therefore, underwater acoustic sensors can be deployed in our network far away from OBTSs. In this regard, we need to design an acoustic-to-optical converter to make the communication possible.
IV. POSSIBLE DESIGN CHALLENGES IN CELLULAR UW-OCDMA NETWORKS
In this section, we primarily discuss possible challenges in implementing cellular UW-OCDMA networks such as blockage avoidance, cell-edge coverage, power control, and limitation in total number of users. Then, we present appropriate solutions to address these challenges.
A. BLOCKAGE AVOIDANCE
In certain underwater areas, we may need a real-time communication while there is not any line of sight (LOS) link to any of OBTSs; therefore, the moving and floating obstacles in water should be taken into consideration. Sea creatures and other users may block the link between the MUs and OBTS and disturb the connection. Since the movement in water is slow, these obstacles may be disturbing. In such cases, relay nodes can be employed with comparatively simple infrastructure to provide a reliable communication link between MUs and the nearby OBTS, as shown in Fig. 7(a) . During uplink transmission, the MU transmits its signal to the relay, R 1 , which is located in LOS with both OBTS and MU. The relay R 1 applies specific processes (e.g., amplification, detection, or decoding) on the received signal and then forwards the processed signal toward the OBTS. Reverse strategy can be adopted for downlink transmission. Furthermore, to achieve better performance, more relay nodes (e.g., R 2 in Fig. 7(a) ) can be employed to form a parallel relaying configuration. In this scheme, all relays can receive the same signal from OBTS and transmit them to the MU; or when the channel state information (CSI) is available at the OBTS, the relay with the most reliable channel can be selected. 
B. CELL-EDGE COVERAGE
One of the most important issues in designing a cellular network is how the network can cover cell-edge users suffering from low received signal to noise ratios (SNRs). A promising approach is that all the neighboring OBTSs, which have relatively the same distance to the cell-edge MU, simultaneously transmit optical signal to the MU in order to form a multiple-input single-output (MISO) configuration (see Fig. 7(b) ). Since different links can be considered as independent parallel channels, deployment of multiple transmitters can substantially improve the system performance, particularly for highly turbulent channels. VOLUME 4, 2016 However, it requires perfect synchronization strategy among OBTSs to transmit data with appropriate time delays.
It can be shown that the conditional BER of multipleinput multiple output (MIMO) UWOC system with equal gain combiner can be expressed as [18] ;
in which N t and N r are the number of transmitters and receivers, respectively.H = (h 11 , . . . ,h N t N r ) is the fading coefficients vector in an N t × N r MIMO system and
is the transmitted data sequence, where L ij interprets the memory of the channel between the ith transmitter and the jth receiver. Each fading coefficient is assumed with log-normal distribution, i.e.,h ij = exp(2X ij ) where X ij has a Gaussian distribution with mean µ X ij and variance σ 2 [12] , [36] . Moreover, γ
where T b is the bit duration time, i,j (t) = P i (t) * h 0,ij (t) is the received optical signal from the ith transmitter to the jth receiver, P i (t) is the transmitted optical pulse shape of the ith transmitter, h 0,ij (t) is the fading-free impulse response of the channel between the ith transmitter and the jth receiver (obtained from Monte Carlo simulations, in a similar approach to [6] ), and * represents the convolution operator. Additionally, σ 2
T b
is the variance of the zero mean Gaussian distributed integrated current of the jth receiver over each T b seconds, corresponding to the combined noise components of the receiver [18] . Assuming the maximum channel memory as L max = max{L 11 , L 12 , . . . , L N t N r }, the final BER of MIMO-UWOC system can be obtained by averaging overH (through an (N t ×N r )-dimensional integral) as well as averaging over all 2 L max sequences for b k s;
where fH (H) is the joint PDF of fading coefficients inH. Furthermore, the (N t × N r )-dimensional integral in (21) can effectively be calculated through an (N t × N r )-dimensional finite series using Gauss-Hermite quadrature formula [18] . It is worth mentioning that in the case of negligible ISI the average BER of MIMO-UWOC system simplifies to;
Performance of the system employing MISO configurations is simulated for two different values of log-amplitude variance of fading σ 2 x = 0.01 and σ 2 x = 0.16. The simulation results depicted in Fig. 8 show a significant performance improvement by increasing the number of transmitters particularly for more turbulent channels. As another alternative, a single relay which is linked to the nearby OBTSs through LOS can be located in the edge of neighboring cells; and cell-edge MUs communicate with the relay instead of the OBTSs. Then, relay processes and transmits signal to one or more neighboring OBTSs to form a single-input multiple-output (SIMO) configuration. Furthermore, in the presence of CSI, the OBTS with the best link quality can be selected to communicate with the relay.
C. POWER CONTROL
Apart from the previous considerations, power consumption needs to be insightfully addressed in designing the proposed UW-OCDMA network. MUs and OBTSs often use limited power supplies or need to reduce their corresponding costs. Power allocation is an important issue in underwater medium because this environment absorbs more energy in comparison with free space or fiber optics medium. Furthermore, increasing power beyond safety standards may harm underwater ecosystem.
In the first presentation of our proposed cellular UW-OCDMA in [28] , we assumed that each OBTS transmits a constant power omnidirectionally, i.e., all LEDs mounted on OBTS are turned on to send information to MUs, regardless of the MUs' position in the cell. Moreover, the power allocated to each user was the same for all MUs, no matter how the channel quality of each user is (see Fig. 9(a) ). However, this scheme is not efficient in terms of total energy consumption. To reduce the network required power, two algorithms are proposed in this section. 
1) PARTITIONING THE CELL INTO SECTORS
In this algorithm, as shown in Fig. 9(b) , we divide the LEDs and photodiodes mounted on OBTS into N s sectors and only one of these sectors will be active to communicate with each MU. To realize this scheme, the OBTS needs to know corresponding sectors in the cell in which each MU is located. For this purpose, each MU sends a beacon message towards OBTS in order to request for communication. The OBTS determines the MU's sector considering the fact that beacon message was received from which OBTS sections. As the user moves in the cell, location of the MU will be updated and consequently active section of OBTS will change. This scheme leads to N s times reduction of power consumption which means for six sectors, we can save 10 log 2 (6) = 7.7dB.
2) ALLOCATING POWER ACCORDING TO THE USER's CHANNEL QUALITY
In this algorithm, instead of assigning equal power to all MUs within the cell regardless of their channel quality, we can utilize MU's quantized channel information (QCI) to control the transmitting power and keep the bit error rate on a desired value in several points in the cell, as it is shown in Fig. 9(c) . According to the MUs' distances to the OBTS and their channels quality, they will be divided into N R rings and we allocate appropriate power to different rings. The advantage of using QCI instead of full CSI is that we can avoid enormous complexity of instantaneous calculations at OBTSs. The ability to change the transmission power of each user will also allow us to allocate power according to the requested service. For instance, those users requesting voice services, consume less power than those requesting video services. The performance analysis of these two algorithms with details is explored in [37] . In simulating the second algorithm, the power assigned to each ring guaranties that error probability in all rings is lower than the desired BER value and it is assumed that the users are uniformly distributed within the cell area. In Fig. 10 , the performance of this scheme is demonstrated in terms of average transmitted power per bit. Three different schemes in Fig. 10 are as follows: allocating equal power to all MUs (N R = 1), dividing MUs to two, and three rings with respect to their channel quality (N R = 2 and N R = 3). The simulation results show a near 6dB gain in BER = 10 −6 when employing power control algorithm with N R = 3.
D. EXPANDING THE NUMBER OF SUPPORTED USERS
In the proposed cellular UW-OCDMA network, the capacity of each OBTS, in terms of the number of covered MUs, depends on the number of OOC codes (N c ) in OCDMA system (e.g., for OOC set (64, 3, 1) total number of codes is N c = 10). There are two approaches for code assignment at the wireless front end, unique assignment of OOCs over the network or reusing OOCs in OBTSs. In the first approach, there is not any interference between neighboring OBTSs, while in the second one, neighboring OBTSs might interfere together, if they use the same code set. Although in the first approach OBTSs do not interfere together, the capacity of the network is limited to N c . Thus, reusing OOCs is an attractive solution to increase the capacity of underwater cellular network, however, its interference issue needs to be resolved.
In order to mitigate interference among neighboring OBTSs, OOCs are divided into three subsets, S 1 , S 2 , and S 3 , and these subsets are assigned to OBTSs such that neighboring OBTSs have different OOC sets. Fig. 11(a) illustrates the proposed OOCs assignment. In this approach, the capacity of cellular network is N c 3 N OBTS , where N OBTS denotes the number of OBTSs. The number of channels at the wireless front end can be further increased by integrating OCDMA with wavelength division multiplexing (WDM) scheme (WDM/OCDMA). Let N w denote the number of available wavelengths in WDM system, then N w wavelengths are divided into three subsets, whereby the subsets are assigned to neighboring OBTSs. In Fig. 11(b) , the channel assignment in the proposed WDM/OCDMA-based underwater cellular network is depicted. We note that by using WDM technique the capacity of underwater cellular network is increased to N w 3 N c N OBTS . It is worth mentioning that in OCDMA-based system wireless channels are identified with OOCs (C i ), whereas in WDM/OCDMA counterpart each channel is specified with wavelength/OOC pair (λ j , C i ).
Although WDM/OCDMA-based system provides higher capacity, it needs more complicated hardware in both OBTS and MU. Instead of single band transceivers employed in the OCDMA scheme, in WDM/OCDMA counterpart, multiwavelength transceivers are required.
V. CONCLUSIONS
In this paper, an overview of characteristics, potentials and challenges of the cellular underwater wireless optical code division multiple-access (UW-OCDMA) network based on optical orthogonal codes (OOC) are described. The primary aim of this network is to define a flexible, reliable and practical framework to satisfy the military and commercial demands of the underwater communication. It is also concluded that UW-OCDMA infrastructure can be used as a promising underwater localization specifically in area where the presence of acoustic noise limits the conventional underwater positioning systems. Furthermore, the application of UW-OCDMA in underwater sensing and real time monitoring is discussed. In particular, its is shown that a local faroff sensor network can be linked to a the UW-OCDMA by means of multi-hop transmission. Finally, probable design challenges regarding blockage avoidance, cell-edge coverage, power control and limitation in network capacity are discussed and proper strategies which can be adopted to overcome these issues are addressed.
